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FOREWORD 
The work described herein was performed by the General Electric 
Company under the sponsorship of the National Aeronautics and Space 
Administration under Contract NAS 3-2140. Its purpose, as outlined 
in the contract, is to evaluate the corrosion resistance of high 
strength columbium alloys, to boiling and condensing potassium, as 
potential containment materials for space electric power conversion 
systems. 
R.G. Frank, Manager, Physical Metallurgy, Materials and Processes, 
administered the program for the General Electric Company. Experi- 
mental investigations were performed by L.B. Engel, Jr., R.G. Carlson, 
and D.N. Miketta (deceased), with the assistance of W.H. Hendrixson, 
H.J. Bauer and D.R. Caldwell. 
Mr. R.L. Davies, of the National Aeronautics and Space Administration 
was the Technical Manager for the study. Recognition is also extended 
to Mr. T.A. Moss for his assistance in monitoring the program. 
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Advanced turboelectric space power systems will require the contain- 
ment of alkali metals at temperatures approaching 22OOOF'  with possible 
hot spots at considerably higher temperatures. Only refractory alloys 
can be considered for the construction of such systems and, even then, 
critical components of the system will be strength limited. 
quently, there will be a reduction in system weight when the strongest 
alloy possible is used within the restrictions of system reliability. 
Recognizing the strength-weight requirement for service at tempera- 
tures up to 2200°F, in conjunction with the complex fabrication and 
joining involved in the construction of the system, it is apparent 
that columbium alloys have significant potential for accommodating 
these requirements in the near future. 
Conse- 
Additionally, it is imperative to provide materials with suitable 
corrosion resistance to alkali metals and, although not fully docu- 
mented, columbium alloys have also shown promising results in this 
respect. The only extensive experience obtained in the containment 
of alkali metals by columbium alloys preceding initiation of this 
program, however, had been with the relatively weak Cb-1Zr alloy, and 
it was generally recognized that a stronger alloy would offer a signi- 
ficant advantage for the advanced space electric power systems. This 
investigation was undertaken to document the behavior of AS-55 and 
D-43 columbium base alloys in an environment of refluxing potassium 
for periods up to 10,000 hr at temperatures of approximately 2000°F. 
The AS-55 designation represents a columbium-base alloy with approxi- 
mately 5% tungsten, 1% zirconium, and 0.06% carbon, which is arc melted 
with an addition of approximately 1% yttrium to the electrode (much of 
the yttrium removed as the volatile yttrium oxide (YO) during vacuum 
melting). The yttrium is added primarily to enhance both the fabri- 
cability, by the removal of oxygen during melting, and the weldability, 
by gettering of oxygen during welding. The D-43 designation represents 
a columbium-base alloy with approximately 10% tungsten, 1% zirconium, 
and 0.1% carbon. Inclusion of both alloys in the program permits the 
evaluation of two levels of carbon in the same alloy system and provides 
two alloys with varying strength/fabricability/weldability character- 
istics: i.e., the AS-55 alloy has a higher degree of fabricability and 
weldability; the D-43 alloy, a higher strength potential.' A l s o ,  both 
alloys contain reactive elements (zirconium, yttrium) which are strong 
oxide formers that react with the oxygen in solution in the columbium- 
tungsten base. 
metals. 
Such alloys are expected to be compatible with alkali 
-1- 
Both a l l o y s  are e s s e n t i a l l y  i n  t h e  columbium-tungsten-zirconium- 
carbon quar tenary  a l l o y  system and achieve  t h e i r  s u p e r i o r  s t r e n g t h  
by a combination of two b a s i c  s t rengthening  mechanisms: s o l i d  so- 
l u t i o n  of tungsten i n  a columbium matr ix  and d i s p e r s i o n  of ca rb ides  
formed by r e a c t i o n s  between zirconium, columbium, and carbon. The 
use  of t h e  la t ter  s t rengthening  mechanism t o  i n c r e a s e  t h e  tempera- 
t u r e  c a p a b i l i t i e s  of r e f r a c t o r y  a l l o y s  is  considered gene ra l ly  t o  
be very e f f e c t i v e .  However, t h e  carb ides  t h a t  are formed during 
t h e  processing of t h e  material and t h a t  subsequent ly  i n h i b i t  s l i p  
by impending d i s l o c a t i o n  g l i d e  must be chemical ly  and thermally 
s t a b l e  i n  t h e  resence  of potassium f o r  a minimum 10,000 h r  i n  t h e  
2000°F t o  2200 F temperature  range. 
thermal s t a b i l i t y  of t h e  complex carb ides  i n  AS-55 and D-43 a l l o y s  
under these  condi t ions ,  t h e r e f o r e ,  c o n s t i t u t e d  one of t h e  p r i n c i p a l  
t echn ica l  ob jec t ives  of t h i s  program. The major o b j e c t i v e ,  as 
discussed e a r l i e r ,  w a s  t h e  documentation of t h e  co r ros ion  r e s i s t a n c e  
of these a l l o y s  t o  potassium a t  2000°F over a pe r iod  of 10,000 hours .  
g Determining t h e  chemical and 
Eight co r ros ion  capsules  w e r e  t e s t e d  and eva lua ted ,  One set of 
f o u r  capsules  (two AS-55 a l l o y ,  one D-43 a l l o y ,  and one Cb-1Zr a l l o y )  
was exposed t o  r e f lux ing  potassium f o r  5000 h r ;  a second set  of f o u r  
capsules  w a s  s i m i l a r i l y  exposed f o r  10,000 h r .  The r e s u l t s  ob ta ined  
from the  5000-hr tests w e r e  repor ted  i n  In t e r im  Report  2 ( r e fe rence  2 ) ;  
t h e  r e s u l t s  of t h e  10,000-hr capsule  tests are repor t ed  here .  
c l a r i t y  and c o n t i n u i t y ,  many d e t a i l s  of capsule  p repa ra t ion  and t e s t i n g  
procedures repor ted  previous ly  ( r e fe rence  2) are e i t h e r  repea ted  com- 
p l e t e l y  o r  summarized i n  t h i s  r e p o r t .  
For 
-2- 
11. SUMMARY 
Corrosion testing of four reflux capsules, two AS-55, one Cb-lZr, 
and one D-43, containing purified potassium, was conducted at 2000°F 
for 10,000 hr in a ultra-high vacuum chamber capable 8f achieving a 
A vacuum in the 
was maintained throughout testing. The condensing rate of the po- 
tassium contained within the one-in. diameter x ll-in. long capsules 
was approximately 37 & 12 lb/hr/ft2 at 2000'F. 
vacuum of 2 x 10- 18 torr. to 10- torr range 
Evaluation of the Cb-1Zr alloy capsule (No. 7) after the 10,000-hr 
exposure revealed a small amount of black deposit, accompanied by a 
gold discoloration of the metal around or near the deposits, on the 
inner surface of the capsule wall in the region between the primary 
condensing zone and the liquid zone. 
identified as essentially pure zirconium with a high oxygen content; 
some columbium was also present. 
zirconium and oxygen being leached from the primary condensing zone 
by the potassium condensate. 
small reduction in zirconium and oxygen content observed in the primary 
condensing zone with a corresponding grain growth to a depth of 6 mils 
on the inner surface of this zone. Similar zirconium deposits and 
grain growth effects were not observed in the AS-55 and D-43 alloy 
capsules. 
These black deposits were 
The deposits probably resulted from 
Such leaching was substantiated by the 
Evaluation of the AS-55 alloy capsule (No. 9) revealed discoloration 
on the inner surface of the capsule wall in the region between the 
primary condensing zone and the liquid zone. 
coloration observed in the AS-55 alloy capsule (No. 9) was signifi- 
cantly less than that found in the Cb-1Zr alloy capsule (No. 7). A 
small amount of white, nonmetallic deposit, believed to be Y2O3, was 
observed in localized areas on the inner surface of the AS-55 alloy 
capsule (No. 9) .  
The extent of the dis- 
A x  iqxcved potassium transfer system was employed to fill the 
second AS-55 alloy capsule (No. 11) and the D-43 alloy capsule (No. 4) 
and no signs of staining, evidenced in the earlier capsules, were 
observed in either capsule after the 10,000-hr exposure. As in the 
case of AS-55 alloy capsule No. 9, however, a small amount of a white, 
nonmetallic deposit, believed to be Y2O3, was observed in localized 
areas on the inner surface of AS-55 alloy capsule No. 11. 
Chemical analyses of samples obtained from the capsule walls revealed 
no significant mass transfer of carbon with either the AS-55 or D-43 
alloy. However, the results of the chemical analyses indicate that 
oxygen can be leached from the material located in the region where 
the freshly distilled potassium condenses. 
-3- 
Coalescence of the carbides in the grain boundaries apparently 
occurred in the AS-55 and D-43 alloys and, as expected, stress- 
rupture testing of specimens machined from the capsule walls after 
the 10,000-hr exposure revealed a significant decrease in strength. 
This is an indication of thermal instability that is not necessarily 
associated with the presence of potassium. 
Overall, only a small amount of corrosion, consisting primarily 
of staining and black deposits of zirconium, the formation of yttrium 
compound believed to be Y203, and leaching of oxygen from the capsule 
material by the potassium, was observed. 
black deposits was either reduced or eliminated in those capsules 
which were filled using the improved potassium transfer system showing 
the absolute necessity of proper handling to reduce contamination 
in alkali metal systems. In general, the materials exhibited 
excellent corrosion resistance. 
attack or penetration of the grain boundaries in either the weldments 
or the base metal of any of the alloys tested. 
The amount of staining and 
There was no significant solution 
-4- 
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111. TECHNICAL PROGRAM 
Materials Procurement 
The General E lec t r ic  Company produced t h e  AS-55 a l l o y  s h e e t  used 
t o  manufacture capsules  f o r  t h i s  program. Three h e a t s ,  NAS-555, 
NAS-5514 and NAS-5515, w e r e  u t i l i z e d  i n  t h e  capsule  p repa ra t ion .  
Heats NAS-555 and NAS-5514 were consumably arc c a s t ,  forged,  warm 
r o l l e d  and, subsequent ly ,  co ld  r o l l e d  t o  produce 0.080-in. t h i c k  
s h e e t ;  h e a t  NAS-5515 w a s  consumably arc cast ,  extruded,  warm r o l l e d  
and, subsequent ly ,  co ld  r o l l e d  t o  0.082-in. t h i c k  shee t .  
The D-43 a l l o y  shee t  w a s  procured from t h e  E.I. duPont de  Nemours 
Company. It w a s  produced from an  ingot  which w a s  consumably a r c  
cast, extruded,  warm r o l l e d  and f i n i s h e d  by cold r o l l i n g  t o  0.080-in. 
t h i c k  shee t .  
The Cb-1Zr a l l o y  shee t  w a s  purchased from t h e  S t e l l i t e  Div is ion ,  
Union Carbide and Carbon Corporation. The ingo t  w a s  e l e c t r o n  beam 
melted,  forged and cold r o l l e d  t o  O.lOO-in.-thick shee t .  
Process ing  d e t a i l s  of t h e  h e a t s  a r e  summarized i n  Appendix A. 
Chemical ana lyses  of t h e  f i n i s h e d  shee t s  are g iven  i n  Table I and 
t h e  f i n a l  h e a t - t r e a t i n g  h i s t o r y  i s  recorded i n  Table 11. 
Capsule P repa ra t ion  
Eight  capsules ,  two Cb-1Zr a l l o y ,  two D-43 a l l o y  and f o u r  AS-55 
a l l o y ,  were f a b r i c a t e d  from t h e  0,080-in. t h i c k  s h e e t  descr ibed  
above. 
and approximately one i n .  i n  diameter.  
t o g e t h e r  wi th  machined end caps and bend specimens, i s  shown i n  
F igu re  1. The heat- t reatment  h i s t o r i e s  of t h e  capsules  be fo re  
forming, a f t e r  forming, and a f t e r  T I G  welding are presented  i n  
Table  11. 
The s h e e t s  w e r e  r o l l  formed i n t o  cy l inde r s  11 i n .  long 
A set of formed capsules ,  
The TIG welding w a s  performed i n  a chamber which w a s  f i r s t  evacu- 
a t e d  t o  a p res su re  of less than  1 x t o r r  and then  b a c k f i l l e d  
w i t h  helium which had been passed through a dry- ice  t r a p .  Before 
welding each capsule ,  a weld pass  was made on a s h e e t  of t i t an ium 
t o  g e t t e r  oxygen i n  t h e  system and thereby  minimize contamination 
of the weldments dur ing  t h e  welding process .  The f i l l e r  material 
used dur ing  t h e  welding w a s  t h e  same as t h e  capsule  material. 
Table I11 g ives  t y p i c a l  chemical ana lyses  of such welds i n  Cb-1Zr 
a l l o y  s h e e t ;  F igure  2 shows t y p i c a l  welded capsule  tubes.  Although 
weldments made i n  t h e  manner descr ibed are sound and considered 
s a t i s f a c t o r y  f o r  t h e  intended app l i ca t ion ,  s i g n i f i c a n t  improvements 
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C b - 1 Z r  
CAPSULE 6 
C b - 1 Z r  
CAPSULE 7 
AS-55 
CAPSULE 8 
AS-55 
CAPSULE 9 
F i g u r e  2 .  Formed  and TIG Weldc t i  A S - 5 5  and Cb-1Zr Alloy Reflux Corrosion 
Capsules .  
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have been made i n  T I G  welding equipment and procedures  f o r  r e f r a c t o r y  
a l l o y s  i n  t h e  p a s t  several y e a r s ,  as evidenced by work conducted 
under r ecen t  NASA sponsored research  and development c o n t r a c t s .  3- 6 
Two f i l l  tubes ,  0.5-in. OD x 0.040-in. t h i c k  w a l l ,  w e r e  f a b r i c a t e d  
from each of t h e  AS-55 and Cb-1Zr a l l o y  capsule  materials and T I G  
welded t o  t h e  top  end caps,  a l s o  f a b r i c a t e d  from t h e  capsule  material. 
Subsequently,  t h e  top  end cap and f i l l  tube  subassemblies and t h e  
bottom end caps were T I G  welded t o  the formed and welded capsule  
cy l inde r s .  I n  t h e  case of t h e  AS-55 a l l o y  capsule  No. 8 and capsule  
No. 9 ,  s h o r t  l eng ths  of 0.500-in. OD x 0.040-in. t h i c k  w a l l ,  cen ter -  
less ground Cb-1Zr a l l o y  tub ing  were TIG welded t o  t h e  top  of t h e  
AS-55 a l l o y  fi .11 tube t o  f a c i l i t a t e  crimping of t h e  f i l l  tube a f t e r  
f i l l i n g  wi th  potassium. 
a f t e r  t h e  capsule  w a s  s ea l ed .  
an  a c i d  s o l u t i o n  of 20%HF+20%HN03+6O%H2Oy r insed  i n  water, and given 
a f i n a l  c leaning  wi th  e t h y l  a l coho l  before  specimen placement and 
assembly welding. 
des ign .  Except t h a t  i t  is  monometallic, t h e  Cb-1Zr a l l o y  capsule  
des ign  (capsule  Nos. 6 and 7)  is the same as t h a t  depic ted  f o r  t h e  
AS-55 a l l o y  capsule .  
The l eng th  of Cb-1Zr a l l o y  tub ing  w a s  removed 
The capsule  components were p ick led  i n  
Figure 3 i s  a schematic of t h e  AS-55 a l l o y  capsule  
A s  shown i n  F igure  3,  a l l  four  capsules  (Nos. 6 ,  7 ,  8,  and 9) con- 
t a ined  0.080-in. t h i c k  x 0.5-in. w i d e  x 2-in. long bend specimens, 
made from t h e  same material as t h e i r  r e spec t ive  capsules ,  i n  t h e  
l i q u i d  and vapor reg ions .  The i n t e r i o r s  of t h e  capsules ,  wi th  bend 
specimens i n  p o s i t i o n ,  were examined wi th  a borescope and no d e t r i -  
mental  d e f e c t s  could be  observed i n  t h e  welds.  The capsules  were 
l e a k  checked wi th  a helium mass spectrometer ,  as prescr ibed  i n  
MIL-Std-271BY and found l e a k  t i g h t .  A rad iographic  examination of 
t h e  f o u r  capsules  demonstrated t h e i r  welds t o  be sound. 
i s  a photograph of Cb-1Zr a l l o y  capsule  No. 6 and capsule  No. 7 and 
AS-55 a l l o y  capsule  No. 8 and capsule No. 9 before  f i l l i n g  wi th  po- 
t ass ium. 
F igure  4 
Capsules 6,  7 ,  8, and 9 were charged wi th  s lagged,  f i l t e r e d ,  d i s -  
t i l l e d  and ho t  t rapped potasaluin, as rece ived  from Mine Safe ty  
Appliance Research Corporation, using t h e  f a c i l i t i e s  shown i n  F igure  5 
and t h e s e  ou t l ined  procedures! 
1. Evacuate t h e  capsule  loading system t o  below 1 x 
2 .  Heat t h e  system t o  above 150°F t o  permit  outgassing.  
3. Close vacuum valve  (A) t o  seal t h e  capsule  under a vacuum; 
c l o s e  vacuum (B) t o  i s o l a t e  t he  system from t h e  vacuum 
pumps. 
Flush t h e  system, o t h e r  than t h e  capsule ,  wi th  argon by 
opening valves ( C  and D ) .  
t o r r .  
4. 
-11- 
Cb-1Zr Al loy  F 
AS-55 Al loy  F i l l  Tube 
crimp and EB Weld A f t e r  
F i l l i n g  With Potassium 
AS-55 Al loy  
Bend Specimen 
1-In. OD x 0.080-In. 
AS-55 Al loy  Capsule 
AS-55 Al loy  
Bend Specime 
Thick Wall 
Figure 3 .  AS-55 Alloy Reflux Corrosion Capsule Showing F i l l  Tube and 
Location of Bend Specimens. 
-12- 

5. Re-evacuate the system to below 1 x 
valves (C and D) and opening valve (B). 
6 .  Refill the system with argon. 
7 .  Close one argon valve (D); leave other argon curtain flow 
valve (E) open. 
8. Force potassium through the system by opening valve (PI and 
potassium storage container valve (G) until potassium flows 
from the argon curtain opening. 
Allow the potassium to stay in the system 3 to 5 minutes. 
Force new potassium into the system (see 8 above). 
valve (F) to confine a measured amount of potassium. 
to force the measured length of potassium into the capsule (HI. 
tubing and welding in a vacuum by electron beam. 
torr by closing 
9. 
10. 
11. Close valve (C) to seal potassium in a sampling tube: close 
12. Open capsule valve (A); simultaneously open argon valve (D) 
13. Seal the capsule by closing valve (A), pinching down the 
Table IV lists the chemical analysis of the slagged, filtered, dis- 
tilled, and hot trapped potassium used to fill capsules No. 6 ,  No. 7 ,  
No. 8 ,  and No. 9 as obtained from the vendor. The potassium was 
analyzed for metallic elements by the Nuclear Materials and Equipment 
Corporation using spectrographic techniques and for oxygen by MSA 
Research Corporation using the mercury amalgamation method. 
tassium was sampled at the same time and under the same conditions 
that the four reflux capsules, No. 6 ,  No. 7, No. 8, and No. 9, were 
filled and was analyzed for oxygen by the zirconium-gettering technique. 
In this technique, a 0.005-in. thick corrugated zirconium strip, of 
known chemistry, with a total 20 in.2 surface area, was inserted in 
a one-in. OD x 0.080-in. thick wall x 6-in. long Cb-1Zr alloy capsule. 
The capsule was filled with 7.14 grams of potassium, using the facility 
illustrated in Figure 5, sealed under vacuum by electron beam welding 
techniques, and heated for 100 hr at 1400°F in a vacuum of torr. 
After exposure, the zirconium strip was removed from the capsule and 
analyzed for oxygen, nitrogen, hydrogen and carbon. From the inter- 
stitial analyses, and assuming that the interstitial elements com- 
pletely reacted with the zirconium and no gaseous pickup occurred 
during the transfer of the potassium, the oxygen and carbon contents 
of the potassium were calculated to be 760 ppm (an average of four 
analyses) and 133 ppm, respectively. The data are presented in 
Table IV (ff.) and Table I (Appendix B). No significant change in the 
nitrogen or hydrogen could be detected in the zirconium getter material. 
The po- 
Oxygen analyses of the potassium used to fill capsules No. 6 ,  No. 7 ,  
No. 8, and No. 9 also were obtained by the mercury amalgamation method 
at General Electric. In this case, however, the samples were drawn at 
-14- 
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Figure 5. Apparatus for Filling Capsules Nos. 6, 7, 8, and 9 with 
P:, t as s ium . 
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a later date. 
between valves G and F of the filling apparatus shown in Figure 5. 
Analysis of these samples produced values of 7 and 16 ppm oxygen as 
K20, Table IV. 
during the filling of the capsules. 
potassium transfer facility was successfully developed and subsequently 
was used in filling the remaining two AS-55 alloy capsules (No. 11 and 
No. 12) and the two D-43 alloy capsules (No. 2 and No. 4). 
The samples were taken by removing sections of tubing 
These data indicated that contamination was occurring 
To preclude this problem, a new 
The potassium transfer facility developed is similar to the trans- 
fer facility at NASA Lewis Research Center and consists of a 30 kv, 
electron beam welding chamber incorporating facilities for transferring 
potassium directly from the hot trap to the capsules in a vacuum of 
5 x 10-5 torr with a leak rate of 1.4 micron-cubic feet per hour. 
The pumping system comprises a 10-in. oil diffusion pump and a 80 cfm 
Stokes Microvac mechanical forepump. The vacuum is measured with a 
National Research Corporation Type 501 ionization gauge and Model 710B 
control circuit. Figure 6 is an external view of the facility with 
the hot trap in place; Figure 7 shows the general capsule arrangement 
inside the chamber. The potassium is transferred to the capsules by 
pressurizing the hot trap, filling the stainless steel ladle with the 
potassium to the required level (30 grams), and then pouring the po- 
tassium through the stainless steel funnel icto the capsule csing a 
vacuum rotary feedthrough. After the capsule lid is manually placed 
on the capsule with the manipulator, the capsule is automatically 
positioned under the electron beam gun on the motor driven carriage 
and the lid is seal-welded to the top of the capsule as the capsule 
is rotated on its own axis. A series of six capsules can be filled 
without breaking the vacuum. 
The remaining two AS-55 alloy capsules (No. 11 and No. 12) and the 
two D-43 alloy capsules (No. 2 and No. 4) were TIG welded, leak checked, 
and cleaned in a similar manner to that employed for the first two 
AS-55 alloy capsules (No. 8 and No. 9) and the two Cb-1Zr alloy cap- 
sules (No. 6 and No. 7) except that fill tubes were not required on 
these capsules. Bend specimens, 0.060-in. thick x 0.5-in. wide x 2-in. 
long, were also placed in these capsules. Subsequently, the four 
capsules were charged with slagged, filtered, and hot trapped potassium 
from Shipping Container No. 137 using the newly developed vacuum filling 
system. 
Analyses of the as-received potassium from Container No. 137 used to 
fill capsules No. 11, No. 12, No. 2, and No. 4 were supplied by the 
MSA Research Corporation and are shown in Table IV. Before filling 
the corrosion test capsules, six additional analyses of the as-received 
potassium for oxygen (two by the zirconium-gettering technique 
previously described and four by the mercury amalgamation method) 
were performed at General Electric. 
The method of sampling used for these analyses consisted of filling 
These data are listed in Table IY. 
-17- 
Figure 6. External View of the System for Alkali Metal Transfer (Hot Trap 
is Shown Attached to the Vacuum Tank Door). 
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three separate lengths of 0.5-in. diameter stainless steel pipe. 
One end was attached to the shipping container and the open end was 
exposed to flowing argon. After allowing approximately 250 grams of 
potassium to flow through the pipe, the contained potassium was per- 
mitted to solidify in two of the pipes and the ends were capped in 
air. Valves had been installed on each end of the third length of 
pipe and here the sample was obtained without exposing the ends to 
air. 
to the electron beam welding facility and, after evacuation and back- 
filling with argon, the potassium was melted and cast into the Cb-1Zr 
alloy gettering capsules which were subsequently sealed under vacuum 
by electron beam welding. The potassium in the remaining length of 
pipe capped in air was analyzed by the mercury amalgamation method. 
The oxygen content determined by the zirconium-gettering technique, 
again consistently higher than that determined by the amalgamation 
method, is attributed to contamination from oxygen in the argon used 
in the welding chamber during transfer of the potassium to the 
gettering capsules. 
oxygen results obtained by the zirconium-gettering method as a function 
of the sampling method. 
are considerably higher than the 17 ppm reported by MSA. 
This pipe and one of the pipes capped in air were transferred 
Note that there is little difference in the 
The oxygen values from both methods, however, 
To assure that high purity potassium be used in the remaining cap- 
sule corrosion tests, approximately 16 lb of the as-received potassium 
from Container No. 137 were re-hot trapped at General Electric in a 
titanium-lined , zirconium-gettered container for 200 hr at 13OO0P 
before being used to fill the capsules. 
potassium sampled from the hot trap after the hot trapping operation 
was approximately 21 ppm as analyzed by the mercury amalgamation 
method. 
The oxygen content of the 
Additional chemical analyses of metallic impurities were also 
obtained on the potassium from Shipping Container No. 137 at an in- 
dependent laboratory both before and after the 200-hr, 1300°F hot 
trapping operation; these values are recorded in Table IV. 
In an independent study at this laboratory to evaluate the accuracy 
of the mercury amalgamation method for oxygen in potassium, three 
samples were obtained from Shipping Container No. 137 in lengths of 
stainless steel pipe which had been evacuated and outgassed, before 
filling with potassium, and subsequently capped in air. One sample 
was analyzed at General Electric by the mercury amalgamation method; 
two were sent to General Atomics to be analyzed by the neutron acti- 
vation method where the potassium was melted and transferred to the 
copper capsules under purified helium.7 
Table IVY are in relatively good agreement. 
the handling procedures used in obtaining the earlier samples from 
Shipping Container No. 137 are suspect and, for this reason, the 
latter results are believed to be more representative of the actual 
oxygen content of the as-received potassium. 
The results, shown in 
It should be noted that 
-20-  
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To determine whether the re-hot trapped potassium was contaminated 
during the transfer and filling of the reflux corrosion capsules using 
the vacuum capsule filling facility, two samples were taken for the 
analyses of oxygen while the capsules were filled. One sample tube 
was filled with potassium inside the chamber in the same manner in 
which the corrosion capsules were filled; the other potassium sample 
was taken from the transfer line outside the chamber immediatelly 
above the hot trap container. Results obtained on these samples by 
the mercury amalgamation method are'listed in Table IV. 
A one-in. diameter x 10-in. long ancillary Cb-1Zr alloy capsule 
containing zirconium getter material was also charged with potassium 
during the actual filling of the corrosion capsules and sealed in an 
identical manner to that used for the test capsules and the sample 
tube used for the mercury amalgamation analyses. 
exposure at 1400°F, the zirconium getter in the ancillary capsules 
was analyzed for oxygen, nitrogen, and hydrogen by the vacuum fusion 
techniques. From these data, recorded in Table IV of this section 
of the report and Table I11 of Appendix B, the calculated oxygen 
level in the potassium was found to be 22 ppm, which is in good agree- 
ment with the results obtained by the mercury amalgamation method, 
i.e., 33 ppm to 50 ppm. Therefore, the oxygen content of the po- 
tassium in capsules No. ll, No. 12, No. 2, and No. 4 was presumably 
less than 50 ppm. 
After a 100-hr 
After being filled with approximately 30 grams of potassium, all 
eight capsules were enclosed in tantalum foil and pre-tested in a 
vacuum of approximately 4 x torr at 2000°F for 15 minutes to 
insure capsule integrity. Subsequently, the eight capsules were 
grit blasted with -280 mesh alundum powder, using an air pressure 
of 50 psig, to obtain a high surface emittance. 
Testing Procedures 
* 
Three tantalum-clad, Pt vs Pt+l3%Rh, A1203 insulated thermotouples 
were attached to each capsule: one at the top; one at the radiating 
zone; =ne on the b ~ t t o m  immediately below the  heater zcne. 
couple placement, heater location, and radiation shielding are shown 
in Figures 8 and 9. 
Them,o- 
Four instrumented reflux capsules (No. 6, No. 7, No. 8, and No. 9) 
and their respective heaters and shielding were secured in a Varian 
ultra-high vacuum chamber C-111. This type vacuum equipment consist 
of an 18-in. diameter x 30-in. high bakeable chamber connected to a 
* 
Purchased from Thermo Electric Company, Inc. Typical purity of 
the A1203 is 99.65% with the following maximum impurity levels: Si0 , 
0.08%'; Fe2O3, 0.10%; Na20, 0.06%; MgO, 0.08%; CaO, 0.08%; Zr02, O.Og%; 
C, 0.01%; B, 0.0001%. 
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5 ‘rantalum Layers of / / 
Radiation 
Sh ie ld ing  
Note:  
T i ,  T2, Tg - Thermocouple Locations 
Pt V s  Pt  + 13% Rh 
Ta Sheathed 
AI 203 Insulated 
Capsule Surface Grit  Blasted 
r 
S p l i t  Tantalum 
S t r i p  Heater 
Figure 8. Drawing of Reflux Capsule Illustrating Location of Radiation 
Shielding, Radiation Zone, Tantalum Heating Elements, and Height 
of Potassium at Temperature in Capsules Nos. 6, 7, 8, and 9. 
-22- 
Note: 
TI,  T2. 
Capsule 
0.88 
' \  
\ 4 Layers of Tantalum Radiation Sh ie ld ing  
T3 - Thermocouple Locatlons 
Pt vs Pt  + 13% Rh 
Ta Sheathed 
AI 203 Insulated 
Surface G r i t  B las ted  
S p l i t  Tantalum 
S t r i p  Heater 
Figure 9. Drawing of Reflux Capsule Illustrating Location of Radiation 
Shielding, Radiation Zone, Tantalum Heating Element, and Height 
of Potassium at Temperature in Capsules Nos. 2, 4, 11, and 12. 
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400 L/sec ge t t e r - ion  pump and t h r e e  cryogenic molecular s i e v e  roughing 
pumps (Figure 10). I n i t i a l  evacuat ion of t h e  chamber t o  approximately 
2 t o r r  is accomplished wi th  a mechanical pump and, subsequent ly ,  t o  
t h e  t o r r  range wi th  t h e  cryogenic adsorp t ion  pumps. F i n a l  evacu- 
a t i o n  t o  t he  u l t i m a t e  p re s su re  i n  t h e  t o r r  range i s  accomplished 
wi th  the ge t t e r - ion  pump a f t e r  a s u i t a b l e  bakeout pe r iod .  P res su re  
i s  measured by a Bayard-Alpert type i o n i z a t i o n  gauge a t t ached  t o  t h e  
s i d e  of t h e  chamber. 
Af te r  i n s t a l l i n g  capsules  No. 6 and No. 7 (Cb-1Zr a l l o y )  and N o .  8 
and No. 9 (AS-55 a l l o y )  i n  t h e  yacuum chamber, t h e  chamber was evacu- 
a t ed  t o  a p res su re  of 7.0 x 10- t o r r  and baked out  a t  400°F f o r  8 h r  
a f t e r  which t h e  p re s su re  reached 7.0 x 10-7 t o r r .  
capsules  were heated t o  2000°F wi th  t h e  p re s su re  being he ld  below 
3.0 x Although some un- 
s t a b l e  b o i l i n g  w a s  ev ident  dur ing  heat-up, t h e  i n s t a b i l i t y  appeared 
t o  subside when t h e  t e s t  temperature  w a s  reached. 
were held a t  the  test temperature  of 2000°F f o r  5000 h r .  
Subsequently,  t h e  
t o r r  during t h e  e n t i r e  heat-up cyc le .  
The f o u r  capsules  
A pressure  rise w a s  encountered a t  the  end of approximately 4500 h r  
when the coolant  water t o  t h e  vacuum b e l l  j a r  w a s  acc iden t ly  turned 
o f f .  The p res su re  reached a maximum of 7.0 x t o r r  f o r  a s h o r t  
t i m e  and dropped quick ly  when t h e  coolan t  water w a s  r e s t o r e d .  
t h e  end of 5000 h r  exposure,  t h e  chamber w a s  opened and capsules  
No. 6 (Cb-1Zr a l l o y )  and No. 8 (AS-55 a l l o y )  were removed from t h e  
chamber and eva lua ted .  
Capsules No. 7 (Cb-1Zr a l l o y )  and No. 9 (AS-55 a l l o y )  resumed t e s t i n g  
a t  20OO0F t o  complete t h e  10,000 h r .  
dur ing  the  las t  5000 h r .  Af t e r  5900 h r  of t e s t i n g ,  a p res su re  rise 
w a s  encountered when a t ransformer i n  t h e  ge t t e r - ion  pump power 
supply f a i l e d .  Although a maximum pres su re  of approximately 1 x 10- 
t o r r  was reached f o r  a b r i e f  pe r iod ,  t h e  p r e s s u r e  dropped qu ick ly  
when a po r t ab le  ge t t e r - ion  pump power supply w a s  incorpora ted  i n  t h e  
system. 
without  f u r t h e r  i n t e r r u p t b n s  i n  t e s t i n g .  
w a s  encountered a f t e r  approximately 8950 h r  of t e s t i n g  when t h e  main 
power switch f o r  t h e  ge t t e r - ion  pump yas a c c i d e n t l y  turned  o f f .  The 
pressure  reached a maximum of 8 x 10- 
quickly  when t h e  swi tch  w a s  turned back on. 
capsules  No. 7 (Cb-1Zr a l l o y )  and No. 9 (AS-55 a l l o y )  over  t h e  10,000-hr 
test per iod i s  shown i n  F igure  11. 
A t  
2 The r e s u l t s  were r epor t ed  i n  I n t e r i m  Report  2 .  
Two pres su re  excurs ions  occurred 
7 
The f a u l t y  power supply w a s  r e p a i r e d  and p u t  back i n  service 
The second p res su re  rise 
f o r  a s h o r t  pe r iod  bu t  dropped 
The p res su re  p r o f i l e  f o r  
Reflux capsules  No 11 and No. 1 2  (AS-55 a l l o y )  and No. 2 and NO. 4 
(D-43 a l loy )  were i n s t a l l e d  i n  t h e  Varian u l t r a -h igh  vacuum chamber 
C - 1 1 ,  which i s  similar t o  chamber C - 1 1 1 ,  and instrumented i n  t h e  same 
manner as  capsules  No. 6 ,  No. 7 ,  No. 8 ,  and No. 9 .  The chamber w a s  
evacuated t o  a p re s su re  of 5.0 x 
Alper t  type i o n i z a t i o n  gauge a t t ached  t o  t h e  s i d e  of t h e  chamber. 
During heat-up t o  t h e  test  temperature  of 2000°F , t h e  p re s su re  reached 
t o r r ,  as measured by a Bayard- 
I 
I 
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a maximum of 4.4 x t o r r .  After  approximately 3000 h r  of t e s t i n g ,  
t he  chamber w a s  opened t o  r e p a i r  a h e a t e r  which w a s  s h o r t i n g  t o  t h e  
tantalum sh ie ld ing .  A t  t h e  end of t h e  5000-he exposure,  t h e  chamber 
w a s  opened and capsules  No. 12 (AS-55 a l l o y )  and No. 2 (D-43 a l l o y )  
were removed from the  chamber f o r  eva lua t ion .  The r s u l t s  of t h e s e  
5000-hr tests are a l s o  repor ted  i n  In t e r im  Report 2.’ Capsules No. 11 
(AS-55 a l l o y )  and N o .  4 (D-43 a l loy )  were put  back on test t o  complete 
t h e  10,000 h r  of t e s t i n g .  
shutdown so t h a t  t h e  e n t i r e  test  f a c i l i t y  could be  moved t o  a new 
l abora to ry .  
t h e  chamber w a s  n o t  opened a t  any t i m e  during t h i s  move. 
p r o f i l e  f o r  capsules  N o .  11 (AS-55 a l l o y )  and No. 4 (D-43 a l l o y )  over 
t h e  10,000-hr test per iod  i s  shown i n  F igure  12.  
Af t e r  approximately 7200 h r ,  t h e  test w a s  
Tes t ing  w a s  resumed and completed wi thout  d i f f i c u l t y ;  
The p res su re  
Temperature c o n t r o l  w a s  accomplished by using a v o l t a g e  r egu la t ed ,  
variac con t ro l l ed  supply t o  a step-down transformer which f e d  t h e  
power t o  t h e  tantalum h e a t e r s .  Two h e a t e r s  were connected i n  series 
s o  t h a t  only two power s u p p l i e s  were requi red  f o r  t e s t i n g  f o u r  capsules .  
The average measured temperatures  of capsules  N o .  7 ,  No. 9 ,  No. 11, 
and N o .  4 during t e s t i n g  are shown i n  Tables V and V I .  
Two commonly used techniques f o r  determining t h e  r e f l u x  rate of 
potassium i n  capsules  are: 1) a d i r e c t  c a l c u l a t i o n  of t h e  h e a t  
r a d i a t e d  from t h e  condensing region of t h e  capsule  t o  t h e  vacuum 
chamber w a l l  and 2) an  i n d i r e c t  c a l c u l a t i o n  of t h e  h e a t  r a d i a t e d  from 
t h e  condensing reg ion  by t h e  s u b t r a c t i o n  of t h e  h e a t  l o s s e s  occurr ing  
i n  t h e  capsule ,  i n  reg ions  o t h e r  than t h e  condensing reg ion ,  from t h e  
t o t a l  h e a t  input  t o  t h e  capsule .  Because of t h e  d i f f i c u l t i e s  i n  de- 
termining t h e  h e a t  l o s s e s  of t h e  capsules  i n  t h e  experimental  s e tup  
descr ibed  i n  t h i s  r e p o r t ,  t h e  h e a t  r a d i a t e d  from t h e  condensing reg ion  
of t h e  capsule  t o  t h e  vacuum chamber w a l l  w a s  c a l c u l a t e d  us ing  t h e  
f i rs t  method c i t e d .  The h e a t  f l u x  w a s  ca l cu la t ed  us ing  t h e  equat ion  
Assuming coax ia l  c y l i n d e r s  and T = OoR 2 
1 
and l e t t i n g  A1 = 0.0327 f t 2  ( r a d i a t i n g  area of capsules )  
A2 = 7.85 f t 2  (absorbing area of chamber) 
tzl = 0.4 (emiss iv i ty  of capsule)  
= 0.2 (emiss iv i ty  of chamber) 
= 
T& = 0.174 (10-8) Btu h r - l  ft-’ 
2410OR (temperature of ca  s u l e  su r face )  
cons t an t )  
(Stefan-Boltzmann‘s 
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then ,  
The r e f l u x i n g  
= 762 Btu/hr 912 
rate w ( l b / h r / f t 2 )  i s  c a l c u l a t e d  from t h e  equat ion  
where H = 745 Btu / lb  f o r  potassium a t  1950°F ( r e fe rence  8) 
A; = 0.0275 f t 2  (area of condensing su r face )  
Then , 
w = 37.2 l b s / h r / f t 2  
2 
The r e f l u x  rate, however, can vary s i g n i f i c a n t l y  wi th  v a r i a t i o n s  
i n  t h e  measured and assumed tes t  condi t ions .  By l e t t i n g  t h e  emit tance 
of t h e  r a d i a t i n g  s u r f a c e  vary  from 0 .3  t o  0.5,  t h e  e m i s s i v i t y  of 
t h e  chamber w a l l  c2 vary  from 0 .1  t o  0 .3 ,  and t h e  temperature  of t h e  
r a d i a t i n g  s u r f a c e  vary  from 1900°F t o  2000°F, i t  i s  p o s s i b l e  f o r  t h e  
r e f l u x  rate t o  vary from a miniinun 25.2 I b / h r / f t 2  t o  i! maximum 51.1 
l b / h r / f t 2 .  Fu r the r ,  i f  i t  is  assumed t h a t  h a l f  t h e  r a d i a t i n g  s u r f a c e  
of t h e  capsule  i s  exposed t o  a hea t  s i n k  t h a t  is  a t  a temperature  of 
approximately 1000°F, which i s  probably more r ea l i s t i c  i n  t h e  case  of 
t h e  test  se tup  f o r  t hese  capsu le s ,  s imilar  c a l c u l a t i o n s  us ing  equat ions  
1 and 2 show t h e  p o s s i b l e  range f o r  t h e  r e f l u x  ra te  t o  be 23.4 l b / h r / f t *  
t o  48.0 l b / h r / f t 2 .  
mately 37 - + 12 l b / h r / f t 2 .  Overall, t h e  r e f lux ing  ra te  probably w a s  approxi- 
It should be noted t h a t ,  i n  more r e c e n t  work a t  General E l e c t r i c  
under NASA sponsorsh ipY5 a f a c i l i t y  has  been b u i l t  and opera ted  which 
provides  a more accu ra t e  determinat ion of t h e  h e a t  f l u x  from t h e  con- 
densing reg ion  of t h e  capsule  than e i t h e r  of t h e  prev ious ly  d iscussed  
techniques .  This f a c i l i t y  u t i l i z e s  a h e a t  exchanger around t h e  con- 
dens ing  reg ion  of t h e  capsule .  T'ne hea t  from t h e  capsule  i s  radfatec! 
t o  t h e  h e a t  exchanger and is  t r a n s f e r r e d  t o  a flowing water system, 
a l lowing  an accu ra t e  h e a t  ba lance  t o  be performed on t h e  w a t e r  system. 
R e s u l t s  of 10,000-Hr Reflux Capsule Corrosion Tests 
One Cb-1Zr a l l o y  capsule  (No. 7), two AS-55 a l l o y  capsules  (Nos. 9 
and ll), and one D-43 a l l o y  capsule (No. 4 ) ,  conta in ing  p u r i f i e d  po- 
t ass ium,  completed t h e  10,000 h r  of t e s t i n g  a t  2000°F under r e f l u x i n g  
cond i t ions .  Visua l  examination of t h e  Cb-1Zr a l l o y  capsule  No. 7 
r evea led  d i s c o l o r a t i o n s  i n  t h e  region between t h e  primary condensing 
zone and t h e  l i q u i d  zone (Figure 13) .  
b l a c k  d e p o s i t s  wi th  a gold d i s c o l o r a t i o n  of t h e  metal around o r  near  
t h e  d e p o s i t s  (Figure 14) .  
Also found i n  t h i s  reg ion  were 
-31- 
-9 
Figure  13. Sec t ioned  Cb-1Zr A l l o y  Ref lux  Corros ion Capsule N o .  7 After 
10,000-Hr Exposure to  Potassium a t  2000'F i n  a Vacuum of 10 
Torr. 
-32- 
F i g u r e  14 .  Black Depos i t s  and Di sco lo ra t ion  Observed on Inne r  Surface  of 
Cb-1Zr A l l o y  Corrosion Capsule No .  7 Between Primary Condensing 
Zone and Liquid  Zone A f t e r  10,000-Hr Exposure t o  Potassium a t  
2000°F i n  a Vacuum of lo-’ Torr. 
Mag.: 2 x  
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I n  add i t ion ,  a change i n  t h e  genera l  s u r f a c e  appearance of t h e  heat-  
a f f ec t ed  zone of t h e  weld and a more l u s t r o u s  appearance i n  t h e  
su r face  above t h e  l i q u i d  zone w a s  noted.  
Metal lographic  examination of t h a t  reg ion  where t h e  d e p o s i t s  were 
observed revea led  a bui ldup of one phase t o  a th i ckness  as ex tens ive  
as 0.002 i n . ;  a saaond phase a l s o  observed w a s  cons iderably  t h i n n e r  
and less abundant (Figure 15). Elec t ron  microprobe ana lyses  revea led  
t h a t  both phases had t h e  same composition, i . e . ,  e s s e n t i a l l y  a l l  
zirconium (Figure.15)  wi th  a small amount of columbium. The low 
zirconium content  observed i n  F igure  15.b r e s u l t s  from t h e  f a c t  t h a t  
t h e  a rea  of t h e  e l e c t r o n  beam i s  l a r g e r  than  t h e  depos i t  being 
analyzed; when an  appropr i a t e  area c o r r e c t i o n  i s  app l i ed ,  t h e  de- 
p o s i t  is  e s s e n t i a l l y  a l l  zirconium. Oxygen, n i t r o g e n ,  o r  carbon 
were not de t ec t ed .  Note, however, t h a t  t he  d e t e c t a b l e  l i m i t s  f o r  
oxygen, n i t rogen ,  and carbon us ing  t h e  e l e c t r o n  microprobe ana lyze r  
are somewhat ques t ionable .  Although d e t e c t i o n  of t h e s e  elements 
above one t o  two w t  % has  been achieved a t  t h i s  l abora to ry ,  d e t e c t i o n  
below one t o  two w t  %, e s p e c i a l l y  f o r  oxygen and n i t r o g e n ,  is  con- 
s ide red  very  doubt fu l .  The l a r g e r  and more abundant dark grey phase 
i s  bel ieved t o  be a-zirconium; t h e  less abundant phase,  r e t a i n e d  
B -zirconium. Also, s i g n i f i c a n t l y ,  t h e  e l e c t r o n  microprobe ana lyses  
revealed a zirconium content  of approximately 5% i n  t h e  capsule  w a l l  
ad jacent  t o  t h e  depos i t s  compared wi th  a zirconium content  of 1 . 3 %  as 
determined by chemical a n a l y s i s  of t h e  o r i g i n a l  s h e e t  be fo re  test 
and by e l e c t r o n  microprobe ana lyses  of t h e  capsule.OD i n  t h e  con- 
densing zone a f t e r  t he  test exposure. 
metal lographic  examination of The  capsule  i n s i d e  diameter  s u r f a c e  
suggests  t h a t  t h e  zirconium observed i n  t h e  d e p o s i t s  w a s  leadhed 
from the condensing zone. 
zirconium depos i t s  is  not  a genera l  cond i t ion  inasmuch as they  were 
no t  found i n  the  AS-55 and D-43 capsu le s ,  sugges t ing  t h a t  e i t h e r  
t h e s e  a l l o y s  behave d i f f e r e n t l y  o r  t h a t  t h e  potassium pu.ri ty in-  
f luences  t h e  zirconium t r a n s f e r .  
capsule  No. 11 were f i l l e d  wi th  potassium us ing  t h e  improved vacuum 
f i l l i n g  f a c i l i t y  and, as w i l l  be  d i scussed ,  t h e  y t t r i u m ,  r a t h e r  t han  
t h e  zirconium, i n  AS-55 would appear t o  dominate any i n t e r a c t i o n s  
wi th  oxygen contained as an impuri ty  i n  t h e  potassium. 
A s  d i scussed  on page 52,  
It should be noted t h a t  t h e  presence of 
Both D-43 capsules  and' t h e  AS-55 
The AS-55 a l l o y  capsule  No. 9 a l s o  showed d i s c o l o r a t i o n ,  t o  a much 
lesser degree than those  found i n  Cb-1Zr a l l o y  capsule  No. 7, i n  t h e  
reg ion  between t h e  primary condensing zone and t h e  l i q u i d  zone 
(Figure 16). 
t o  those observed i n  AS-55 a l l o y  capsule  N o .  12  which was ' t e s t ed  
5000 h r ,  w a s  noted on t h e  i n s i d e  w a l l  i n  t h e  l i q u i d  r eg ion  oppos i t e  
t h e  loca t ion  where a thermocouple w a s  a t t ached  t o  t h e  o u t e r  w a l l .  
Metallographic examination of t h i s  r eg ion  revea led  a 0.0002-in. t h i c k  
bui ldup which i s  suspected t o  be Y203 (F igure  1 7 ) .  Also, as i n  
capsule  No. 7 (Cb-1Zr a l l o y ) ,  a change i n  t h e  gene ra l  s u r f a c e  appearance 
A dark grey spo t  surrounded by a wh i t e  d e p o s i t ,  s imilar  
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F i g u r e  15. Photomicrographs and E lec t ron  Microprobe Analyses of Depos i t s  
Observed i n  Region Between Primary Condensing Zone and Liquid  
Zone of Cb-1Zr Alloy Reflux Corros ion  Capsule No. 7 A f t e r  
10,000-Hr Exposure t o  Potassium a t  2000'F i n  Vacuum of  lo-' Tor r .  
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Figure  16 .  Sec t ioned  
10,000-Hr 
lo-’ T o r r .  
1 
AS-55 Alloy Ref lux  Cor ros ion  Capsule  N o .  9 A f t e r  
Exposure t o  Potass ium a t  2000°F i n  a Vacuum of 
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(K809) 
F i g u r e  17.  Depos i t  on I D  of AS-55 Alloy Ref lux  Corros ion  Capsule N o .  9 
i n  Liquid Zone Opposite Thermocouple Loca t ion  on Outer Wall 
of lo-’ T o r r .  
A f t e r  10,000-Hr Exposure t o  Potassium a t  2000 0 F i n  a Vacuum 
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i n  t h e  hea t -a f fec ted  zone of t h e  weld and a more l u s t r o u s  appearance 
above the  l i q u i d  zone were observed. 
AS-55 a l l o y  capsule  No. 11, which w a s  f i l l e d  wi th  potassium us ing  
t h e  vacuum f i l l i n g  f a c i l i t y  d iscussed  earlier,  showed no d i s c o l o r a t i o n s  
i n  t h e  reg ion  j u s t  above t h e  l i q u i d  zone (Figure 18). 
however, a l s o  s i m i l a r  t o  those  seen  prevfously i n  t h e  5000-hr AS-55 
a l l o y  capsule  No. 1 2 ,  were found i n  t h r e e  l o c a t i o n s  on t h e  i n s i d e  
su r face  of AS-55 capsule  No. 11: two i n  t h e  l i q u i d  reg ion;  one i n  
t h e  vapor region.  I n  t h e  previous capsules ,  v i z . ,  5000-hr tes ts ,  
t h e  white  depos i t s  w e r e  found i n  t h e  l i q u i d  zone only.  F igure  19 
shows the  white  d e p o s i t s  t h a t  formed on t h e  weld i n  t h e  l i q u i d  zone; 
F igure  20, a depos i t  
t h e  poin t  where a thermocouple w a s  i n  contac t  wi th  t h e  capsule  w a l l .  
Although most of t h e  depos i ted  material w a s  bonded loose ly  t o  the  
capsule  s u r f a c e  and tended t o  s p a l l ,  meta l lographic  examination of 
t h e  weld i n  t h e  l i q u i d  zone revealed some depos i ted  material t h a t  
apparent ly  w a s  more adherent  (Figure 21).  
White d e p o s i t s ,  
on t h e  pa ren t  metal i n  t h e  l i q u i d  r eg ion  oppos i t e  
Yttrium w a s  t h e  only metal de t ec t ed  by spec t rographic  ana lyses  of 
t h e  white  depos i t s  i n  t h e  AS-55 a l l o y  capsules .  S i m i l a r i l y ,  e l e c t r o n  
microprobe ana lyses  of t h e  d e p o s i t s  observed me ta l log raph ica l ly  con- 
firmed t h a t  y t t r i um w a s  t h e  only major c o n s t i t u e n t .  X-ray d i f f r a c t i o n  
s t u d i e s  of t h e  d e p o s i t s  were unsuccessfu l  i n  i d e n t i f y i n g  t h e  s t r u c t u r e .  
Therefore ,  i t  is  pos tu l a t ed  t h a t  t h e  depos i t  is  Y 2 0 3  formed by t h e  
oxida t ion  of y t t r i um i n  t h e  potassium and on t h e  s u r f a c e  of t h e  capsule  
w a l l .  The primary mechanism be l ieved  t o  account f o r  t h e  presence of 
Y 2 0 3  a t  l oca l i zed  areas on the  capsule  w a l l  assumes t h e  e x i s t e n c e  of 
l oca l i zed  a reas  i n  t h e  capsule  w a l l  which can provide  a r e l a t i v e l y  
l a r g e  source of oxygen and e f f e c t  t h e  ox ida t ion  of y t t r i u m  t h a t  i s  i n  
s o l u t i o n  wi th  t h e  potassium a t  these  s p e c i f i c  l o c a t i o n s .  I n  t h e  case 
of t h e  weld m e t a l ,  a high oxygen concen t r a t ion  could e x i s t  because of 
contamination during t h e  welding ope ra t ion .  
oxygen concent ra t ion  i n  l o c a l i z e d  s p o t s  i n  t h e  p a r e n t  metal oppos i t e  
thermocouple junc t ions  i s  most l i k e l y  because of d i f f u s i o n  of oxygen 
from the thermocouple i n s u l a t i o n  r e s u l t i n g  from nonstoichiometry,  
entrappment of a i r  dur ing  swagging, o r  from i m p u r i t i e s  i n  t h e  A1203. 
The l a t t e r  p o s s f b i l i t i e s  recommend t h e  use of b a r e  thermocouple w i r e s .  
The presence of h igh  
i! A second mechanism t h a t  could p l ay  a p a r t  i n  t h e  formation of Y 2 0  a t  l oca l i zed  areas i s  t h e  mass t r a n s p o r t  of y t t r i u m  caused by a s m a  1 
loca l i zed  temperature g rad ien t  and t h e  subsequent ox ida t ion  of t h e  
y t t r ium t o  Y203 by r e a c t i o n  wi th  oxygen i n  t h e  potassium and/or  i n  
t h e  capsule  material .  Since t h e  l o c a t i o n  of t h e  d e p o s i t s  e i t h e r  w a s  
a t  t h e  bottom corner  of t h e  capsules  o r  corresponded t o  t h e  l o c a t i o n  
where the tantalum-sheathed thermocouples had bonded t o  t h e  o u t e r  
capsule  w a l l ,  hea t  could poss ib ly  be e x t r a c t e d  from the  capsule  w a l l  
a t  these  loca t ions  by conduction through t h e  capsu le  suppor t  a t  t h e  
bottom and by conduction along t h e  tantalum s h e a t h  t o  r e s u l t  i n  
"cold spots" .  
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Figure 18. Sectioned AS-55 Alloy Reflux Corrosion Capsule No. 11 After 
10,000-Hr Exposure. to Potassium at 2000°F in a Vacuum of lo-’ 
Torr. 
-39- 
Figure 19. White Deposit Observed in Weld in Liquid Zone of AS-55 Alloy 
Reflux Capsule No. 11 After 10,000-Hr Exposure to Potassium 
Mag.: 3X at 2000°F in a Vacuum of lo-’ Torr. 
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Figure 20. White Deposits Observed on Inside Surface of AS-55 Alloy Reflux 
Capsule No. 11 in Liquid Zone (Top) Opposite Thermocouple 
Location on the Capsule Wall (Bottom); Capsule Exposed to 
Potassium f o r  10,000-Hr at 2000°F in a Vacuum of lo-’ Torr .  
Mag.: 3X 
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(A16021 1) 
Figure  21. Adherent White Deposi t  Observed c n  Weld i n  Liquid  Zone Of 
AS-55 Alloy  Reflux Corros ion  Capsule  N o .  11 A f t e r  10,000-Hr 
Exposure t o  Potassium a t  2000 F i n  a Vacuum of lo-’ Torr. 0 
Etchant :  None 
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Mag.: l O O O X  
N . A . :  0.85 
Both mechanisms cited assume some solubility of yttrium in potassium. 
As discussed previously, although the solution of yttrium in potassium 
has not been observed experimentally, yttrium has been demonstrated 
soluble to some extent in a lithium-columbium system at 1500°F .9 
After sectioning, the D-43 ailoy capsule No. 4 revealed no deposits 
and a lustrous appearance throughout. The liquid-vapor interface and 
the vapor-condenser interface (Figure 22) were more discernible than 
those observed in the 5000-hr D-43 alloy capsule No. 2. 
In addition to visual examination, the following tests were conducted 
on specimens machined from the capsule wall (Figure 2 3 )  to evaluate the 
effect of the 10,000-hr exposure to the potassium and to the ultra-high 
vacuum on the capsule material: 
1. Chemical analyses. 
2. Metallographic examination. 
3 .  Hardness measurements. 
4 .  Weight and thickness measurements. 
5. Bend tests on samples contained within the capsule. 
6 .  Stress-rupture tests at 2000'F on specimens machined from 
the AS-55 alloy and D-43 alloy capsule walls. 
Chemical Anaiyses. Results of chemical analyses of samples taken at 
locations shown in Figure 23 are recorded in Table VII. In an attempt 
to determine the gradient in chemical composition from the internal 
surface to the external surface, three 0.080-in. thick specimens were 
taken from the walls of the capsules at each location. The outer two 
thirds of material w a s  removed from one specimen; the inner two thirds, 
from the second specimen: the inner and outer one third, from the third 
specimen. The remaining material was analyzed for oxygen, nitrogen, 
hydrogen, and carbon. 
Differences observed in the nitrogen and hydrogen contents of any 
of the capsules are not considered significant; variations are attri- 
buted to inhomogeneity in the sheet and inaccuracies in the analyses. 
Similarly, no significance is attached to changes observed in the 
carbon content of capsules Nos. 4 (D-43 alloy), 11 (AS-55 alloy), and 
9 (AS-55 alloy). 
side sample from the vapor zone of capsule No. 7 (Cb-1Zr alloy) may 
result from the Piquid potassium, high in impurities near the liquid- 
vapor interface, splashing upon the capsule wall and being gettered 
by the zirconium deposit detected visually and metallographically 
on the inside diameter of that region. Other changes in carbon con- 
tent observed in capsule No. 7 are insignificant. 
of carbon was evident in any of the capsules. 
The increase in carbon content observed in the in- 
No mass transfer 
-43- 
1-Inch 
H 
Figure 22. Sectioned D-43 A l l o y  Reflux Corrosion Capsule No. 4 After 
10,000-Hr Exposure to Potassium at 2000°F in a Vacuum of 
lo-’ Torr. 
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Figure 23. Location of Samples from Wall of Reflux Corrosion Capsules For 
Chemical Analyses, Metallographic Examination, and Stress-Rupture 
Tests. 
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The oxygen concen t r a t ion  i n  the  outer  w a l l  p o r t i o n s  of e s s e n t i a l l y  
a l l  t h e  capsules  increased .  The increase  i n  oxygen i n  t h e  ou t s ide  
specimens i s  acc red i t ed  t o  t h e  f a c t  t h a t  t h e  o u t e r  s u r f a c e  of t h e  
capsules  were g r i t  b l a s t e d  wi th  A1203. S i m i l a r  i n c r e a s e s  w e r e  ob- 
served i n  t h e  o u t e r  s u r f a c e s  of capsules  exposed f o r  5000 h r .  
recent work performed a t  t h i s  labora tory  has  demonstrated t h a t  t h e  
apparent  oxygen contamination from g r i t  b l a s t i n g  wi th  A 1  0 
a 0.0175-in. t h i c k  s h e e t  of C b - 1 Z r  a l l o y  e h i b i t e d  on oxygen increase 
More 
is  seve re ;  2 3  
of 842 ppm a f t e r  g r i t  b l a s t i n g  w i t h  A1203.  '4 
A comparison of t h e  oxygen analyses  from t h e  inne r  w a l l  speci-  
mens from Cb-1Zr a l l o y  capsules  Nos. 6 (exposed 5000 h r )  and 7 (exposed 
10,000 h r ) ,  i nd ica t ed  t h a t  1) t h e  oxygen content  i n  t h e  condensing 
zone of capsule  No. 7 w a s  s i g n i f i c a n t l y  lower than  t h a t  of capsule  No. 6 
2 )  t h e  oxygen content  i n  t h e  vapor zone of capsule  No. 7 w a s  cons iderably  
l a r g e r  than  t h a t  of capsule  No. 6 .  E s s e n t i a l l y  no d i f f e r e n c e  w a s  ob- 
se rved  i n  t h e  oxygen contents  i n  the l i q u i d  zone. These d a t a  are i l l u -  
s t r a t e d  i n  Figure 24. An examination of t h e  oxygen a n a l y s i s  of t h e  
i n n e r  p o r t i o n  of t h e  capsule  w a l l  before  t h e  10,000-hr exposure t o  po- 
tassium sugges ts  t h a t  l eaching  of oxygen by t h e  h igh  p u r i t y  condensate 
occurred i n  t h e  Condensing zone of capsule  No. 7.  The h igh  oxygen con- 
c e n t r a t i o n  i n  t h e  vapor zone of the Cb-1Zr a l l o y  capsule  No. 7 may be 
t h e  r e s u l t  of a g e t t e r i n g  a c t i o n  of t h e  zirconium d e p o s i t s  observed 
v i s u a l l y  and me ta l log raph ica l ly  on t h e  i n s i d e  diameter  of t h a t  region.  
The oxygen could be suppl ied  by the condensate,  now r i c h  i n  oxygen 
from t h e  condensing zone, and/or  the l i q u i d  potassium, h igh  i n  i m p u r i t i e s  
near  t he  l iquid-vapor  i n t e r f a c e ,  washing upon t h e  capsule  w a l l  i n  t h a t  
reg ion .  Since t h e  changes i n  oxygen content  observed i n  capsule  N o .  6 
a f t e r  a 5000-hr exposure appear t o  be ampl i f ied  i n  t h e  10,000-hr exposure 
(capsule  No. 7), some leaching  of oxygen from t h e  condensing zone 
poss ib ly  could have occurred i n  Cb-1Zr a l l o y  capsule  No. 6 and no t  
been recognized because t h e  repor ted  oxygen content  of t h e  Cb-1Zr a l l o y  
be fo re  exposure may be s l i g h t l y  lower than  t h e  a c t u a l  oxygen content .  
I n  any case ,  t h e  t r a n s f e r  of oxygen dur ing  t h e  5000-hr t e s t i n g  w a s  
very  small. Also, any g e t t e r i n g  ac t ion  of t h e  Cb-1Zr a l l o y  i n  t h e  
l i q u i d  zone i n  both t h e  5000-hr capsule (No.  6 )  and 10,000-hr capsule  
(No.  7) would appear  t o  be  r e l a t i v e l y  s m a l l .  I n  view of t h e  leaching  
i n  t h e  condensing zone more pronounced evidence of increased  oxygen 
throughout t h e  l i q u i d  zone would o r d i n a r i l y  be  expected. 
however, t h i s  poss ib ly  w a s  n o t  observed because oxygen w a s  g e t t e r e d  
e x t e n s i v e l y  by t h e  zirconium depos i t s  i n  t h e  vapor zone. 
As  i n d i c a t e d ,  
The oxygen ana lyses  obta ined  from t h e  i n n e r  w a l l  specimens of AS-55 
a l l o y  capsule  No. 9 revea led  a higher  oxygen content  i n  t h e  l i q u i d  
than  i n  t h e  condensing zone. 
ana lyses  obtained f o r  AS-55 a l l o y  capsules  Nos. 8 and 12  which were 
exposed f o r  5000 h r .  Except f o r  t he  a n a l y s i s  from the l i q u i d  zone, 
t h e  oxygen ana lyses  obtained from t h e  i n n e r  w a l l  specimens of AS-55 
a l l o y  capsule  No. 11 agree  wi th  the d a t a  f o r  t h e  o t h e r  AS-55 a l l o y  
capsu le s  (Nos. 8 ,  9 ,  and 1 2 ) .  The oxygen content  i n  t h e  i n n e r  w a l l  
These r e s u l t s  ag ree  w i t h  t h e  oxygen 
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sample from the liquid zone of AS-55 alloy capsule No. 11 was consider- 
ably lower than that in the other AS-55 alloy capsules. 
data are illustrated in Figure 25. 
Pertinent 
In comparing the oxygen analyses of AS-55 alloy capsules Nos. 8, 9, 11, 
and 12 with the analyses before exposure, a loss of oxygen in the con- 
densing zone is apparent and, most likely, was the result of leaching 
by the high purity condensate. No large differences in the condensing 
zone are apparent between the 5000- and 10,000-hr tests. Examination of 
the oxygen contents in the liquid zone reveals that the oxygen leached 
from the condensing zone remained in the liquid potassium, evidenced by 
the fact that the oxygen was not gettered by the yttrium-zirconium in 
the AS-55 alloy capsule wall. It may be hypothesized that the oxygen 
reacted with yttriumlzirconium taken in solution in the liquid potassium 
to form finely divided Y2O3 or a complex yttrium-zirconium oxide. 
though the solution of yttrium in potassium has not been observed experi- 
mentally, as related previously, yttrium has been demonstrated to be 
soluble, to some extent, in a lithium-columbium system at 15OO0P. 
Also, it is possible for the oxygen to react with yttrium/zirconium at 
the surface of the capsule wall in locations other than that which was 
chemically analyzed. 
liquid zone of AS-55 capsule No. 11 may be the result of similar 
phenomena and/or the fact that the potassium in capsule No. 13. was of 
higher purity than that in capsule No. 9.  
AS-55 alloy capsule No. 11, which exhibited the extensive loss of 
oxygen in the liquid zone, contained the largest amount of the white 
deposit visually observed in any of the AS-55 alloy capsules. 
white deposit (discussed earlier) is presumed to be Y203. 
Al- 
8 
The substantial loss of oxygen observed in the 
It should be noted that 
This 
A comparison of the oxygen content of the inner wall specimens from 
D-43 alloy capsule No. 4 with the analyses before exposure reveals 
no apparent leaching of oxygen from the condensing zone and a definite 
gettering of oxygen in the liquid zone. Little difference in the 
oxygen content in the condensing zone is observed between D-43 alloy 
capsule No. 2 exposed for 5000 hr, and D-43 alloy capsule No. 4 ,  
exposed for 10,000 hr. Considerably more gettering of oxygen in the 
liquid zone is evident in the longer test (D-43 alloy capsule No. 4 ) .  
These data are illustrated in Figure 26. It should be noted that the 
suspected difference in the purity of the potassium used to fill 
capsules Nos. 6 and 7 (Cb-1Zr alloy) and that used to fill capsules 
Nos. 2 and 4 (D-43 alloy) does not seem to affect the magnitude of 
the oxygen gradient observed between the condensing zone and the 
liquid zone of the capsule after the test exposure. 
Electron microprobe analyses disclosed no loss of zirconium from 
the outside diameters of the Cb-1Zr alloy and D-43 alloy capsules 
tested for 10,000 hr. 
in the AS-55 alloy capsules tested for 10,000 hr. 
Nor was a loss of zirconium or yttrium found 
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Metallographic Examination. The metallographic examination of the 
capsules was conducted on samples from the liquid zone, the liquid- 
vapor interface, and the condensing zone. 
of the samples. 
Figure 23 cites the location 
No significant attack was observed in either the base metal (Figure 27) 
or the welds of any of the capsules. 
the condensing zones in Figure 28 are typical of the weld structures 
observed in the other regions of the capsules. 
in the welds of the Cb-1Zr and D-43 alloys are quite evident when 
compared to the smaller grain size of the weld in the AS-55 alloy. 
Micrographs of capsule welds in 
The large grain sizes 
A grain boundary precipitate, observed in the Cb-1Zr alloy after 
10,000-hr testing, is probably Zr02; an electron microprobe analysis 
indicated that the particles were rich in zirconium (Figure 29). Re- 
examination of the metallographfc specimens from Cb-1Zr alloy capsule 
No. 6 which was exposed for 5000 hr revealed a similar but, as might 
be expected, less extensive precipitate. 
Relatively large grains observed, after testing, on the inside 
diameter of Cb-1Zr alloy capsule No. 7 in the condensing zone (Figure 30) 
are believed to result from accelerated grain growth following the 
previously discussed l o s s  of oxygen and zirconium from the condensing 
zone. No grain boundary Precipitate was observed near the inside 
diameter in the condensing zone of Cb-1Zr alloy capsule No. 7; 
correlates with an anticipated shift in the Zr02=Zr+20 equilibria 
as the result of the decreasfng zirconium and oxygen content in the 
columbium. This type grain growth was not observed in Cb-1Zr alloy 
capsule No. 6 tested for 5000 hr. 
this 
The same morphological change observed in AS-55 alloy capsules ex- 
posed €or 5000 hr was observed in the AS-55 alloy capsules exposed 
for 10,000 hr (Figure 31). The Widmanstatten carbide structure seen 
in the matrix of the pre-test AS-55 alloy sheet material has gone 
into solution and a new precipitate has formed in the grain boundaries. 
Stain etching techniques and electron microprobe analysis tentatively 
identified the grain boundary precipitate as a columbium-zirconium 
carbide. 
A grain boundary precipitate was observed in D-43 alloy capsule 
No. 4 after 10,000 hr of testing and, again, was tentatively identi- 
fied as a columbium-zirconium carbide through stain etching techniques 
(Figure 32). A re-examination of D-43 alloy capsule No. 2, which was 
tested for 5000 hr, revealed a similar grain boundary precipitate. 
Except the inside diameter of the condensing zone of Cb-1Zr alloy 
capsule No. 7 , the other capsules evidenced no unusual grain growth 
as a result of the 10,000-hr exposure to refluxing potassium or high 
vacuum (10-9 torr). 
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Overall, results of the 10,000-hr reflux capsule corrosion tests 
are similar to those of the 5000-hr tests. 
Hardness Measurements. Transverse microhardness surveys were made 
across the capsule walls (Figures 33 through 3 6 ) .  
the hardness data obtained for the Cb-1Zr alloy and AS-55 alloy 
capsules tested for 10,000 hr showed no significant differences 
in hardness as compared with the results obtained from the 5000-hr 
tests. The loss in hardness in the Cb-1Zr alloy capsules is attri- 
buted to recovery/recrystallization phenomenon. Again, the AS-55 
alloy capsules exhibited a significant decrease in hardness which 
would follow the carbide solution and reprecipitation previously dis- 
cussed as well as from the loss in oxygen due to the exposure to 
potassium. The D-43 alloy capsule No. 4 tested for 10,000 hr showed 
a slightly larger decrease in hardness than that observed in the 
D-43 alloy capsule No. 2 tested for 5000 hr. This decrease in hard- 
ness in the D-43 alloy capsules is attributed to carbide precipitation 
in the grain boundaries and recovery/recrystallization during testing, 
since the material was not completely recrystallized before the 
initiation of the test. 
A comparison of 
Weight and Thickness Measurements. The weight and thickness changes 
(Table VIII) that ensued from subjecting the bend specimens to the 
potassium environment within the capsules are quite- small and con- 
sidered insignificant. 
Bend Tests. All the bend specimens, which were exposed to potassium 
liquid and vapor, successfully withstood a 1 "T", or smaller, bend 
through a 105-degree bend angle at room temperature. 
Stress-Rupture Tests. Two stress-rupture specimens were machined 
from the walls of AS-55 capsules Nos. 9 and 11, two from D-43 
capsule No. 4 ,  and two from Cb-1Zr capsule No. 7 in such a manner 
that the location of the gauge section of one specimen of each 
capsule is in the liquid region and the location of the gauge length 
of the second specimen is in the condensing region. 
mens from AS-55 capsule No. 11 were machined from the inner 0.070-in. 
thick portion of the capsule wall; all other specimens, from the 
entire capsule wall. In an effort to eliminate the possible 
strengthening effect of surface contamination resulting from A1203 
grit blasting of the outside diameter of the capsules, the outer 
0.010 in. was removed from the specimen from AS-55 capsule No. 11. 
The two speci- 
All specimens were tested at 2090°F. The results of these tests 
on capsules exposed for 5000 hr and the tests previously reported 
are presented in Table IX; corresponding Larson-Miller parameter 
plots are shown in Figures 37 ,  38, and 39.  An additional stress- 
rupture test (discussed in reference 2) of a specimen machined from 
the condensing zone of AS-55 capsule No. 12, which was exposed for 
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Table IX. Stress-Rupture Data of Cb-lZr, AS-55, and D-43 Alloys 
Before and Af te r  5000-and 10,000-Hr Exposures t o  Potassium a t  2000°F 
(Stress-Rupture Data Obtained a t  20000F) 
Exposure Rupture Elong . / Larson-Miller 
Test  Time, stress, Press. , Life, 1 i n . ,  Parameter, 
Specimen No. h r  P s i  torr h r  % T(15+10gt)xlO-~ 
Cb-1Zr 
Capsule NO. 7a 
Liquid Zone 
Condensing Zone 
d 
d 
d 
AS-55 
Before Exposure 
Before Expsoure 
Before Exposure 
Capsule No. 8e 
Liquid Zone 
Condensing Zone 
Capsule NO. 1 2 ~  
Capsule NO. gh 
Liquid Zone 
Condensing Zone 
Capsule NO. lli 
Liquid Zone 
Condensing Zone 
Condensing Zone 
D-43 
Before ~xi jos l i re j  
Before Exposure? 
Before ExposureJ 
Capsule NO. 2k 
Liquid Zone 
Condensing Zone 
Capsule NO. 4" 
Liquid Zone 
Condensing Zone 
15 10,000 
16 10,Ooo 
7 5,006 
8 5 
17 5 ,ooo 
11 10,000 
12 10,000 
18 10,000 
19 10,000 
9 5,000 
10 5,000 
13 10,000 
14 10 * 000 
10,000 
10,Ooo 
22,000 
18.000 
15,000 
15,000 
15,000 
15,000 
15,000 
15,000 
15,000 
15,000 
25.000 
22,000 
20,000 
20,000 
20,000 
20,000 
20,000 
880.6 
123 .qb 
14.0 
43.0 
113.0 
671.0f 
183.0 
9 .1  
13. 7f 
619.0 
16.4 
9.6 
51.0 
89.0 
118.0 
-8 
10-8 140.0 
10 382.0 
-7 
10-8 
10 
18.1 
11.6 
31.0 
55.0 
10.1 
7.0 
5.8 
1 .6  
19.8 
16.0 
10.2 
3.8 
13.0 
12.0 
14.8 
20.4 
26.7 
28.8 
30.5 
31.0 
29.0 
44.0 
43.4c 
39 .7  
41 .O 
42.0 
43. af 
42.4 
39.2 
39.fjf 
43.7 
39.8 
39.4 
41.1 
4 i . 6  
42.0 
42.1 
43.2 
39.8 
39.4 
'Cb-lZr a l l o y  (Heat No. 510); specimens machined from w a l l  of r e f lux  capsule No. 7 ;  test conducted i n  ge t te r - ion  
bElement sho r t  caused 25OoF overtemperature from 116 h r .  
'Parameter ca lcu la ted  f o r  466 h r  at 2000°F (s ince  parameter f o r  7.4 h r  a t  2250% is equivalent t o  350 h r  a t  20OOOF). 
pumped system. 
dAS-55 a l l o y  (NAS-5515); 0.060-in. th ick  shee t ;  heat-treated 1 hr/2800°P + 1 hr/2400?; tests conducted i n  
eAS-55 a l l o y  (NAS-5514); specimens machined from w a l l  of re f lux  capsule No. 8 ;  tests conducted i n  ge t te r - ion  
'Specimen d id  not  f a i l .  
gAS-55 a l l o y  (NAS-5515); specimens machined from inner  0.070-in. t h i ck  por t ion  of wall of r e f lux  capsule No. 
hAS-55 a l l o y  (NAS-555); 
i 
l i q u i d  n i t rogen  trapped, o i l  d i f fus ion  pumped system. 
pumped system. 
test conducted i n  ge.tter-ion pumped system. 
specimens machined from wall of re f lux  capsule No. 9 ;  test conducted i n  ge t te r - ion  
pumped system. 
AS-55 a l l o y  (NAS-5515); specimens machined f r m  inne r  0.070-in. t h i ck  por t ion  of wal l  of r e f lux  capsule No. 
tests conducted i n  ge t te r - ion  pumped system. 
JD-43 a l l o y  (D-43-322); 0..055-in. th ick  shee t ;  heat-treated 1 hr/2200°F + 1 hr/2400°P; tests conducted i n  
l i q u i d  n i t rogen  trapped, o i l  d i f fus ion  pumped system. 
kD-43 a l l o y  (D-43-322); specimens machined from wall  of re f lux  capsule No. 2 ;  tests conducted i n  ge t te r - ion  
pumped system. 
m D-43 a l l o y  (D-43-322); specimens machined from wall of re f lux  capsule No. 4; test conducted i n  ge t te r - ion  
pumped system. 
12 ; 
11; 
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1800 
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CI 
2400 2 
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P=T (15 + l o g  t )  x 
Typica l  S t r e s s - r u p t u r e  p r o p e r t i e s  of Cb-1Zr a l l o y  (Cf .  "Recent General E l e c t r i c  
C o .  Developments i n  Columbium-Base Al loys ,"  FPL-501-2, Feb. 1962) .  
0 Rupture p r o p e r t i e s  of 0 .060-in.  t h i c k  Cb-1Zr a l l o y  s h e e t  ( C f .  H . E .  McCoy, 
"Creep P r o p e r t i e s  of t he  Nb-lW Z r  A l loy , "  J .  Less Common Metals, 8, pp. 20-35, 
1965) .  
p Cb-1Zr a l l o y  (519);  specimen machined from w a l l  of  condensing zone of r e f l u x  
capsule  no. 7; rup tu re  t es t  performed i n  a vacuum of t o r r .  
V Cb-1Zr a l l o y  (519);  
s u l e  no. 7; rup tu re  t es t  performed i n  a vacuum of t o r r .  
specimen machined from w a l l  of l i q u i d  zone of r e f l u x  cap- 
F igu re  37. Stress-Rupture  P r o p e r t i e s  of Cb-1Zr Al loy  Before and A f t e r  10,000-Hr 
Exposure t o  Potassium a t  2000'F i n  a Vacuum.of Tor r .  
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2200 
a E '24QO b 
2600 
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Corresponding data  for test numbers c i t e d  below a r e  presented  
i n  Table  I X :  
0 Test  N o s .  1 ,  2 ,  3 
Test  N o .  7 
0 T e s t  No. 8 
0 Test  NO. 17 
V T e s t  No. 11 
V T e s t  No.  12 
@ T e s t  No. 18 
0 T e s t  No .  19 
F i g u r e  38. Stress-Rupture P r o p e r t i e s  of AS-55 A l l o y  B e f o r e  and A f t e r  
5000-and 10,000-Hr Exposures to  Potass ium at 2000°F in  a 
Vacuum of 10' Torr .  
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P=T (15 + log t) x 
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Corresponding data for test numbers cited below are presented 
in Table IX: 
0 Test Nos. 4, 5, 6 
@ Test No. 9 
0 Test No. 10 
V Test No. 13 
V Test No. 14 
2000 
Er 
2200 - 
a 
3 
2400 
2600 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
Figure 39. Stress-Rupture Properties of D-43 Alloy Before and After 
5000-and 10,000-Hr Exposures to Potassium at 2000°F in a 
Vacuum of Torr. 
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5000 h r ,  a l s o  w a s  performed and t h e  r e s u l t s  are included i n  Table I X  
and Figure 38. This  specimen from AS-55 capsule  N o .  1 2  w a s  machined 
from t h e  inne r  0.070-in. t h i c k  po r t ion  of t h e  capsule  i n  a similar 
manner and f o r  t h e  same reason ( i . e . ,  t o  eliminate t h e  p o s s i b l e  
s t r eng then ing  e f f e c t  of g r i t  b l a s t i n g  as d iscussed  earlier) as t h e  
specimens from AS-55 capsule  N o .  11. 
Data w a s  ob ta ined  from specimens Nos. 1 through 6 (Table I X ) ,  which 
had no t  been exposed t o  potassium, i n  a l i q u i d  n i t r o g e n  t rapped,  cold- 
w a l l  o i l  d i f f u s i o n  pumped, s t r e s s - rup tu re  f a c f l i t y  t h a t  can achieve  
a p res su re  i n  t h e  t o r r  range a t  t h e  test temperature .  S t r e s s -  
rup.ture d a t a  w a s  obtained from specimens Nos. 7 through 16 and 1 7  
through 1 9 ,  which had been exposed t o  potassium, i n  ge t t e r - ion  pumped 
h igh  vacuum s t r e s s - r u p t u r e  f a c i l i t i e s  w i th  pumping speeds of 400 R/sec 
and 100 R/sec, r e s p e c t i v e l y  (Figure 40) .  These two f a c i l i t i e s  can 
achieve  p res su res  i n  t h e  10-9 t o r r  range,  when cold,and i n  t h e  
range, when t e s t i n g  r e f r a c t o r y  meta ls  a t  temperatures  on t h e  o rde r  
of 2000°F. 
chemical ana lyses  f o r  t h e  i n t e r s t i t i a l  elements were obtained on a 
number of specimens a f t e r  s t r e s s - rup tu re  t e s t i n g . .  The d a t a  are 
presented  i n  Table X. 
t o r r  
To determine t h e  ex ten t  of environmental  contaminat ion,  
r- with  one except ion ,  a l l  t h e  specimem machined from t h e  w a l l s  of 
t h e  AS-55 a l l o y  and D-43 a l l o y  r e f l u x  co r ros ion  capsules  a f t e r  t h e  
10,000-hr exposure t o  potassium exh ib i t ed  s i g n i f i c a n t l y  s h o r t e r  
r u p t u r e  l ives  a t  2000°F than  t h e  specimens machined from t h e  un te s t ed  
s h e e t  material used t o  f a b r i c a t e  the  capsules .  The long r u p t u r e  l i f e  
of t h e  specimen machined from t h e  condensing zone of capsule  N o .  9 
(AS-55 a l l o y ) ,  probably,  i s  t h e  r e s u l t  of oxygen contamination from 
t h e  A1203 g r i t  b l a s t i n g  of t h e  capsule  o u t s i d e  d iameter ,  as i n d i c a t e d  
by t h e  h igh  oxygen content  i n  t h e  o u t s i d e  p o r t i o n  of t h e  capsule  i n  
t h e  condensing zone. Both s t r e s s - r u p t u r e  specimens from capsule  
NO. 11 (AS-55 a l l o y ) ,  from which the  o u t e r ,  g r i t - b l a s t e d  s u r f a c e  had 
been removed be fo re  t e s t i n g ,  displayed a s h o r t e r  r u p t u r e  l i f e  than  
t h a t  of t h e  s t a r t i n g  material which can be  a t t r i b u t e d  t o  ca rb ide  
coa lescence  and t h e  leaching  of oxygen from t h e  capsule  i n n e r  w a l l .  
The specimen (machined from t h e  condensing zone of AS-55 a l l o y  
capsu le  N o .  12 ,  exposed f o r  5000 hr )  sub jec t ed  t o  t h e  a d d i t i o n a l  
s t r e s s - r u p t u r e  test  a l s o  showed a s h o r t e r  r u p t u r e  l i f e  than  t h a t  
of t h e  s t a r t i n g  material, which c o r r e l a t e s  w i th  t h e  d a t a  obta ined  
from AS-55 capsule  No. 11, exposed f o r  10,000 h r .  I n  t h e  tests c i t e d ,  
t h e  o u t e r  g r i t  b l a s t e d  s u r f a c e s  were removed from t h e  specimen p r i o r  
t o  r u p t u r e  t e s t i n g .  The r e s u l t s  of t h e s e  tests c o n t r a s t  w i th  earlier 
d a t a  obta ined  on capsule  No. 8 (AS-55 a l l o y  exposed f o r  5000 h r ) ,  
which showed a longe r  r u p t u r e  l i f e  than  t h e  s t a r t i n g  material. 
t h i s  l a t te r  case, t h e  specimens were machined €rom t h e  e n t i r e  c r o s s  
s e c t i o n  of t h e  capsule  w a l l ,  and the  weakening e f f e c t  of t h e  observed 
c a r b i d e  coalescence i s  masked by $be i n c r e a s e  i n  oxygen caused by 
I n  
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g r i t  b l a s t f n g  of t h e  o u t e r  capsule  s u r f a c e  and p o s s i b l e  contamination 
during rup tu re  t e s t i n g .  
The r u p t u r e  d a t a  obtained from specimens machined from t h e  w a l l  of 
capsule  No. 4 (D-43 a l l o y )  show t h a t  t h e  rup tu re  l i f e  of both t h e  
specimen from t h e  l i q u i d  zone and t h e  specimen from t h e  condensing 
zone is s h o r t e r  than  t h e  rup tu re  l i f e  of t h e  s t a r t i n g  material be fo re  
exposure t o  potassium. Also,  t h e  rup tu re  l i f e  of t h e  specimen from 
t h e  l i q u i d  zone i s  s l i g h t l y  longer  than  t h a t  of t h e  specimen from 
t h e  Condensing zone. These d a t a  would appear t o  s u b s t a n t i a t e  t h e  
higher  oxygen content  i n  t h e  l i q u i d  zone as compared t o  t h a t  i n  t h e  
condensing zone, a r e s u l t  of t h e  g e t t e r i n g  a c t i o n  dur ing  t h e  exposure 
t o  potassium. A comparison between t h e  rup tu re  d a t a  obtained from 
specimens machined from capsule  No. 4 (D-43 a l l o y ) ,  and t h e  r u p t u r e  
d a t a  obtained earlier from No. 2 (D-43 a l l o y  exposed f o r  5000 h r )  
showed no change i n  rup tu re  l i f e  f o r  t h e  specimen from t h e  l i q u i d  
zone and a longer  rup tu re  l i f e  f o r  t h e  specimen from t h e  condensing 
zone. However, coalescence of carb ides  w a s  observed i n  a l l  r eg ions  
i n  both capsules  Nos. 2 and 4 .  
The longer  rupture  l ives of t h e  specimens machined from t h e  l i q u i d  
and Condensing zones of capsule  No. & (Cb-1Zr a l l o y )  are a t t r i b u t e d  
t o  the  increased  oxygen concent ra t ion  i n  t h e  capsule  w a l l  caused by 
the  g e t t e r i n g  a c t i o n  i n  t h e  l i q u i d  zone dur ing  t h e  exposure t o  po- 
t a s s i u m  and g r i t  b l a s t i n g  of t h e  o u t e r  capsule  w a l l  before  t h e  t e s t  
exposure. 
-72- 
REFERENCES 
'R. W. Hall and R. H. Titran, "Creep Properties of Columbium Alloys 
in Very High Vacuum," NASA Lewis TP 15-63, AIME Conference, Los Angeles, 
California, December 9-10, 1963, NASA Lewis Research Center, Cleveland, 
Ohio. 
2L. B. Engel, Jr., and R. G. Frank, "Evaluation of High Strength 
Columbium Alloys for Alkali Metal Containment,'' Interim Report No, 2, 
Contract NAS 3-2140, General Electric Company, NASA-CR-54226, July 10, 
1964. 
3R. G. Frank, "Materials for Potassium Lubricated Journal Bearings , I t  
Series of Progress Reports, Contract NAS 3-2534, General Electric 
Company, NASA-CR-54073 and -54113. 
4G. G. Lessman and D. R. Stones, "Determination of the Weldability 
and Elevated Temperature Stability of Refractory Metal Alloys," 
WANL-PR(P)-OOl, WANL-PR(P)-002, Contract NAS 3-2540, Westfnghouse 
Electric Corporation, NASA-CR-54088, -54166 and -54232. 
5E. E. Hoffman, "Potassium Corrosion Test Loop Development, 
General Electric Company, Series of Progress Reports, Contract 
NAS 3-2547, General Electric Company, NASA-CR-54081, -54269 and 
-54344. 
6E. E. Hoffman, "Potassium Corrosion Test Loop Development ,I' 
Quarterly Progress Report No. 4, Contract NAS 3-2547, General 
Electric Company, NASA-CR-54167, July 15, 1964. 
7E. L. Steel et g., "Development of Neutron Activation Analysis 
Procedures for the Determination of Oxygen in Potassium," Final Report, 
Contract NAS 3-2537, General Atomics Divisfon of General Dynamics. 
8G. C. Wesling and M. E. McCarthy, "Thermodynamic Propertles of 
Potassium Vapor for 1300°R -270OOP Using Naval Research Laboratory 
Experimental Data," R64SD3012, General Electric Company, October 6, 
1964. 
'E. E. Hoffman, "Corrosion of Materials by Lithium at Elevated 
Temperatures," ORNL-2674, Oak Ridge National Laboratory, March 6 ,  
1959. 
-73- 
PRECEDING PAGE SLANK NOT F;Lh{ED. 
- -  
PUBLISHED REPORTS 
R. G. Carlson, D. Ne Miketta, R. G. Frank, and J, W. Semmel, Jr., 
"Evaluation of a High Strength Columbium Alloy (AS-55) for Alkali 
Metal Containment," Interim Report No. 1, Contract NAS 3-2140, 
General Electric Company, GE 62FPD365, July 25, 1962. 
R. G. Carlson, D. N. Miketta, Re G. Frank, and J, W. Semmel, Jr., 
"Evaluation of a High Strength Columbium Alloy (AS-55) for Alkali 
Metal Containment," Interim Report No., 1 Addendum, Contract NAS 
3-2140, General Electric Company, GE 62FPD365A9 July 25, 1962, 
Le B e  Engel, Jr., and R. Go Frank, "Evaluation of High Strength 
Columbium Alloys f o r  Alikaii Metal Coiitaiment ,'I Interim Report 
No. 2, Contract NAS 3-2140, General Electric Company, NASA-CR- 
54226, July 10, 1964. 
-75- 
I 
I -  
APPENDIX 
-77- 
A. SUMMARY OF PROCESSING DETAILS OF AS-55, D-43, AND Cb-1Zr 
ALLOY SHEET USED IN THE FABRICATION OF REFLUX CORROSION CAPSULES 
Processing of AS-55 Alloy Heat NAS-555 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
Single consumable dc arc melt. 
Cropped ingot dimensions: 2.9 in. in diameter x 4.45 in. long; 
10.75 lb. 
Ingot split lengthwise and one-half machined into forging billet. 
Forging billet dimensions: 1.22 in. thick x 1.75 in. wide x 
4.30 in. long; 2.87 lb. 
Titanium clad forging billet dimensions: 1.333 in. thick x 3.93 
in. wide x 6.43 in. long. 
Clad billet soaked 45 min at 2200'F in argon. 
Five blows on 2,500-lb forge hammer to 0.800-in. thick over-all 
39% reduction. 
Clad forging re-soaked 15 min at 2200°F in argon. 
Clad forging rolled in the direction of the long axis of the 
ingot: 
Thickness, Red./Pass, Red. (Total) , 
Pass in. % % 
1 0.613 24 24 
2 0.465 24 42 
3 0.322 30 60 
Soaked 15 min at 22OO0F between passes. 
Plate turned end for end each pass. 
Stripped, pickled, and trimmed plate dimensions: 0.264 in. 
thick x 3.10 in. wide x 10.70 in. long; 2.7 lb. 
One-third of plate sectioned and discarded (low stirring region 
of original ingot). 
Plate cold rolled 65% to 0,080-in. thick sheet by successive 
10-mil reductions. 
Sheet stress-relieved one hr at 2300'F. 
-79- 
Processing of AS-55 Alloy Heat NAS-5514 
1. 
2. 
3. 
4. 
5. 
6 .  
7. 
8. 
9. 
10. 
11. 
12. 
Single consumable dc are melt. 
Cropped ingot dimensions: 3.05 in. in diameter x 4.37 in. long; 
11.31 lb. 
Ingot split lengthwise and one half-machined into forging billet. 
Forging billet dimensions: 1.00 in. thick x 1.77 in. wide x 
3.93 in. long; 2.25 lb. 
Titanium clad billet dimensfons: 1.124 in. thick x 4.37 in. 
wide x 6.50 in. long. 
Clad billet soaked 45 min at 2200°F in argon. 
Six blows on 2,500-lb forge hammer to 0.550-in. thick over-all 
51% reduction. 
Clad forging re-soaked 15 min at 2200°F in argon. 
Clad forging rolled in direction of the long axis of the ingot 
on first pass, normal to the long axis on second pass, and 
returned to the original direction on final pass. 
Thickness, Red./Pass, Red. (Total) , 
1 0.443 
2 0.353 
3 0.280 
19 
20 
20 
19 
35 
49 
Soaked 15 mfn at 2200°F between passes. 
Plate turned end for end each pass. 
Stripped, pickled, and trimmed plate dimensions: 0.216 in. thick 
x 3 .87  in. wide x 6.5 in. long; 1.68 lb. 
Plate cold rolled 62% to 0.080-in. thick in successive 10-mil 
reduction. 
Sheet stress-relived one hr at 2300'F. 
Processing of AS-55 Alloy Heat NAS-5515 
1. Single consumable dc arc melt. 
2. Cropped ingot dimensions: 3.65 in. in diameter x 10.3 in. long; 
3. 
4. Billet sealed in molybdenum can. 
36.9 lb. 
Ingot sectioned to remove defective area. 
- 1  I 
1 
I 
I 
i 
1 
1 
I 
I 
1 
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5. Clad billet extruded 5.6:l at 2600°F to 0.70-in. thick x 2.68 
6. 
7. 
in. wide sheet bar. 
Clad extrusion soaked 45 min at 2200°F in argon. 
Clad extrusion rolled in direction perpendicular to extrusion 
direction: 
Thickness, Red./Pass, Red. (Total), 
Pass in. % % 
0.632 
0.546 
0.454 
0.360 
10 
13 
16 
20 
10 
22 
35 
48 
Soaked 15 min at 2200°F between passes. 
Plate turned end for end each pass. 
8. Clad plate stripped, pickled, spot-ground and trimmed. 
9. Plate cold rolled 75% to 0.082-in. thick sheet by successive 
0.010-in. reductions. 
10. Sheet stress-relieved one hr at 2200'F. 
Processing of D-43 Alloy Heat D-43-322 
1. Double consumable dc arc melt. 
2. Ingot dimensions: 8 in. in diameter. 
3. Billet extruded 4:1 at 2000°F to 2 in. thick x 6 in. wide 
4. Extrusion warm rolled at 2000'F; temperature reduced gradually 
until sheet was 0.250-in. thick. 
5. Plate annealed one hr at 2200'F. 
6. Plate cold rolled to 0.130-in. thick sheet. 
7. Sheet annealed one hr at 2200'F. 
8. Sheet cold rolled to 0.080-in. thick sheet. 
9.  Sheet stress-relieved one hr at 2200OF. 
sheet bar. 
Processing of Cb-1Zr Alloy Heat 519 
1. Single electron beam melt. 
2. Ingot dimensions: 5 in. in diameter x 20 in. long; 120 lb. 
3. Ingot warm forged at 400°F to plate: 
in. wide x 20 in. long. 
1.125 in. thick x 12 
-81 - 
4 .  Plate co ld  r o l l e d  to 0.100-in.  t h i c k  s h e e t .  
5. Sheet  annea led  one h r  a t  22OO0P. 
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B. DATA SHEETS FOR TEIE CEEMICAJ., ANALYSES 
OF POTASSIUM BY THE ZIRCONIUM-GETTER TECHNIQUE 
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Table I. Potassium Analyses by Zirconium-Gettering Technique 
(Potassium sampled during filling of Cb-1Zr alloy capsules 
Nos. 6 and 7 and AS-55 allov caDsules Nos. 8 and 9) 
K Impurities 
Zr Analyses, (Calcd.), 
Aux i 1 i a r y Zr Sample ppm ppm 
Capsule No. Designation 0 N H C 0 C 
2 --- a 1740 17 25 --- 712 
b 1430 16 7 --- 502 
C 2320 20 31 --- 1104 
--- 
--- 
133 
Av . 1813 18 29 300 760 133 - d - 1760 19 54 300 - 725 -
Notes: 
1. 
2. 
Auxiliary capsule exposed in a vacuum at 1400°F for 100 hr. 
Cb-1Zr alloy reaction capsule one in. in diameter x 6 in. 
long x 0.080-in. thick wall. 
Initial analyses of zirconium (ppm): 
Sample 0 N H C 
3. 
a 638 19 18 --- 
b 840 1 4  25 70 
587 - 40 135 
Av . 688 21  28 103  
zirconium (20 in.2 surface area). 
vacuum fusion techniques. 
Analysis of carbon in zirconium by conductometric techniques. 
- 31 - -C - 
4. Auxiliary capsule No. 2 contained 7.14 gm potassium, 4.828 gm 
5 .  Analysis of oxygen, nitrogen, and hydrogen in zirconium by 
6.  
7.  Potassium from Shipping Container A-4 slagged, filtered, 
-84- 
Table 11. Chemical Analyses of As-Received 
Potassium from Shipping Container No. 137 
K Impurities 
(Calcd . ) , Zr Analyses, 
Auxiliary ppm ppm 
Capsule No. 0 N H 0 N Remarks 
3 1326 13 31.5 426 9 Potassium fill 
tube was not 
valved ; capped 
in air. 
4 1229 27.5 39.5 406 5 Valves placed 
at each end of 
potassium filled 
tube. 
Notes: 
1. Auxiliary capsule exposed in a vacuum at 1400'F for 100 hr. 
2. Cb-1Zr alloy reaction capsule one-in. in diameter x 6 in. long. 
3. Initial analyses of zirconium (ppm): 
Sample 0 N H C 
a 638 19 18 --- 
b 840 14 25 70 
587 31 40 - 135 
Av . 688 21 28 103 
zirconium (20 in.' surface area). 
Analysis of oxygen, nitrogen, and hydrogen in zirconium by vacuum 
fusion techniques. 
hot trapped. 
- -  7 C - 
4. Auxiliary capsule No. 3 contained 8.9705 gm potassium, 5.8035 gm 
5. 
6. Potassium from Shipping Container No. 137 slagged, filtered, and 
-85 - 
Table 111. Potassium Analyses by Zirconium-Gettering Technique 
(Potassium sampled during filling of AS-55 alloy capsules Nos. 
11 and 12 and D-43 alloy capsules Nos. 2 and 4) 
K Impurities 
Zr Analyses, (Calcd.), 
Auxi 1 i ar y ppm ppm 
Capsule No. 0 N H 0 
7 
Notes: 
1. Aux 
816 11 11 22 
liary capsule exposed in a vacuum at 1 DOOF for 100 hr . 
2. Cb-1Zr alloy reaction capsule one in. in diameter x 10 in. 
3. Initial analyses of zirconium (ppm): 
long x 0.080-in. thick wall. 
Sample 0 N H C 
a 638 19 18 --- 
b 840 14 25 70 
587 31 40 - 135 
Av . 688 21 28 103 
zirconium (20 in.' surface area). 
vacuum fusion techniques. 
and hot trapped at MSA and re-hot trapped at General Electric 
for 200 hr at 13OO0P. 
- - -C -
4. Auxiliary capsule No. 7 contained 30.2 gm potassium, 5.1427 gm 
5. Analysis of oxygen, nitrogen, and hydrogen in zirconium by 
6. Potassium from Shipping Container No. 137 slagged, filtered, 
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